The solvent-free palladium-catalyzed reaction of butenone with aryl iodides has been studied. Phosphine ligands have been found to affect the vinylic substitution to hydroarylation (conjugate addition type) ratio. The nature of the nitrogen base also plays a role in controlling the product selectivity. In the presence of Pd(OAc) 2 , tris-(2,4,6-trimethoxyphenyl)phosphine and proton sponge the reaction affords exclusively vinylic substitution products usually in high to excellent yield.
Introduction
The palladium-catalyzed Heck reaction of α,β-enones with aryl halides represents a very useful procedure for the preparation of vinylic substitution products. With butenone as the starting olefin, it provides an easy access to benzalacetones 3, useful reaction intermediates 1 as well as biologically active compounds.
Results and Discussion
We initially attempted the reaction of butenone with PhI at 80 °C, in the presence of Et 3 N and catalytic amounts of Pd(OAc) 2 in the absence of phosphine ligands. Analysis of the reaction mixture after 14 h revealed the formation of benzalacetone in 56% yield along with 4-phenyl-2-butanone (18%). Keeping phenyl iodide as the phenyl donor and Et 3 N as the base, we then explored the effect of phosphine ligands. As shown in Table 1 , phosphine ligands were found to influence the vinylic substitution to hydroarylation ratio. In particular, their presence usually influences the vs:h ratio so as to increase the amount of the hydroarylation product compared the reaction without phosphine ligands (Table 1 , entries 2-6).
A possible explanation for the formation of 4 (Scheme 2a; the ligands are not represented for the sake of simplicity) considers the reduction of the carbopalladation adduct 5 by Et 3 N. The ability of Et 3 N to reduce σ-organopalladium adducts has already been observed by us 3a,n,7c and others. 3e,3l,7a,b Stokker 3e showed that α-deuterated hydroarylation products could be obtained when a cyclic α,β-unsaturated lactone was treated with phenyl iodide in the presence of perdeuterated triethylamine and catalytic amounts of Pd(PPh 3 ) 4 . 
Scheme 2
The phosphine's effect on the product selectivity and the ability of Et 3 N to reduce σ-organopalladium complexes may suggest that both the phosphine ligand and Et 3 N can coordinate to the palladium atom in the σ-alkylpalladium intermediate 5 (the latter via displacement of iodide anions or phosphine ligands 8 ). In the absence of phosphines, i.e., when 5 should contain only Et 3 N in the coordination sphere of palladium, the vinylic substitution path is envisioned to be favored (Table 1 , entry 1) by the low energy requirements for reaching the syn-planar arrangement of the C-H bond and the adjoining C-Pd bond, as shown in 9 (Scheme 2c). In the presence of phosphines -when the reaction is likely to involve at least one phosphine ligand linked to the palladium atom of 5 -the steric congestion associated with attaining this alignment could increase the energy requirements of the transition state and consequently favor the competing reduction path. For example, with PPh 3 the vs:h ratio is 54:46 (Table 1, entry 2 ). An alternative, or competing, mechanism (Scheme 2b) for the substitution of the C-H bond for the C-Pd bond that does not involve the reduction of the carbopalladation adduct 5 considers the protonation of the anionic fragment of 5. Triethylammonium iodide might be involved in this step. The role of acids in favoring the hydroarylation path has been already observed. 3i In this case, the palladium carbon-bound enolate complex 5 might be in equilibrium with its synthetic equivalents 6-8. Et 3 N could act as a reducing agent in the regeneration of Pd(0) species from the Pd(II) species derived from the protonation of the Pd(II)-enolate intermediate(s). Whatever the real nature of the reaction intermediates may be, it remains that in the presence of a variety of phosphine ligands the reaction of phenyl iodide with butenone gives a greater proportion of the hydroarylation product than it does when phosphine ligands are omitted. Notably, only upon going to the electron-rich sterically encumbered ligand tris-(2,4,6-trimethoxyphenyl)phosphine (ttmpp) does the vinylic substitution product form in yield significantly higher than in the absence of phosphines (Table 1, 
entry 8).
A working hypothesis accounting for the beneficial effect of ttmpp considers coordinatively unsaturated palladium species 10 such as 5' (that do not readily proceed along the reduction path)
as the main  σ-alkylpalladium intermediates. Their formation might be favored by the steric congestion around the bonding face of the ligand and by its high basicity.
11
The electrondonating ability of the ligand could stabilize palladium in its 2 + oxidation state even when the Pd-P bond length presumably increases because of the ligand size. 
5'
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We next turned our attention to the amine base. Surmising that the employment of a more hindered amine could hamper its coordination to palladium and further improve the selectivity for vinylic substitution vs reduction (Scheme 2a) , we subjected butenone and phenyl iodide to ttmpp, Pd(OAc) 2 and the sterically demanding proton-sponge [1,8-bis-(dimethylamino)naphthalene]. We were pleased to find that, under these conditions, 4a could be isolated as almost the only β-phenyl product, in excellent yield (Table 1, entry 9) . High vinylic substitution to hydroarylation ratios were also obtained when the reaction was run in the presence of proton sponge, but omitting the ligand or substituting PPh 3 for ttmpp (Table 1 , entries 10 and 11), but the yields were low. Both ttmpp and proton sponge are required to give the best results. Clearly, proton sponge is also a stronger base than triethylamine and this could favor the vinylic substitution path by preventing protonation of palladium-enolate intermediates (Scheme 2b). However, we have not made any attempt to clear this point up.
Using the ttmpp/proton sponge combination, the study was extended to include other aryl iodides. The preparative results are summarized in Table 2 .
A number of aryl iodides containing electron-donating and electron-withdrawing substituents gave the corresponding vinylic substitution products in high-to excellent yield. Only 2-iodoanisole produced the Heck derivative in low yield ( Table 2 , entry 5), presumably because of the higher energy requirements for the rotation around the C α -C β bond of the corresponding carbopalladation adduct (owing to the ortho substituent).
In conclusion, we have demonstrated that under the best conditions developed so far [Pd(OAc) 2 , ttmpp, proton sponge, 80 °C], benzalacetones containing a number of functional groups can be prepared in good to excellent yield from aryl iodides and butenone under solventfree conditions. The observation that phosphine ligands and nitrogen bases can influence the reaction course in this process, and that it is possible to take advantage of their properties to develop a highly selective reaction, suggests an exploration of their employment in other synthetic applications. 
Experimental Section
General Procedures. Melting points were determined with a Büchi apparatus and are uncorrected. All of the starting materials, catalyst, ligands, bases, and solvents are commercially available and were used as purchased, without further purification. Reaction products were purified on axially compressed columns (packed with SiO 2 25-40 nm, Macherey Nagel) connected to a Gilson solvent delivery system and to a Gilson refractive index detector. nHexane/EtOAc mixtures were used for elution.
1
H NMR spectra (CDCl 3 ; TMS as internal standard) were recorded at 200 MHz. 13 C NMR spectra were recorded at 50.3 MHz. IR spectra were recorded in KBr dispersions unless otherwise stated.
Typical procedure for the palladium-catalyzed vinylic substitution of butenone (3g)
A 5 mL Supelco vial equipped with a triangular magnetic bar was charged with 4-methyl-3-nitrophenyl iodide (0.263 g, 1 mmol), butenone (0.245 mL, 3 mmol), proton sponge (0.235 g, 1.1 mmol), Pd(OAc) 2 (0.011 g, 0.05 mmol) and ttmpp (0.053 g, 0.10 mmol). The vial was sealed and heated at 80 °C for 14 h. After this time, the reaction mixture was diluted with diethyl ether, the organic layer washed with 0.1M HCl, saturated NaHCO 3 , saturated NaCl, dried over Na 2 SO 4 
